How does the sensory environment shape circuit organization in higher brain centers? Here we have addressed the dependence on activity of a defined circuit within the mushroom body of adult Drosophila. This is a brain region receiving olfactory information and involved in long-term associative memory formation [1] . The main mushroom body input region, named the calyx, undergoes volumetric changes correlated with alterations of experience [2] [3] [4] [5] . However, the underlying modifications at the cellular level remained unclear. Within the calyx, the clawed dendritic endings of mushroom body Kenyon cells form microglomeruli, distinct synaptic complexes with the presynaptic boutons of olfactory projection neurons [6, 7] . We developed tools for high-resolution imaging of pre-and postsynaptic compartments of defined calycal microglomeruli. Here we show that preventing firing of action potentials or synaptic transmission in a small, identified fraction of projection neurons causes alterations in the size, number, and active zone density of the microglomeruli formed by these neurons. These data provide clear evidence for activity-dependent organization of a circuit within the adult brain of the fly.
How does the sensory environment shape circuit organization in higher brain centers? Here we have addressed the dependence on activity of a defined circuit within the mushroom body of adult Drosophila. This is a brain region receiving olfactory information and involved in long-term associative memory formation [1] . The main mushroom body input region, named the calyx, undergoes volumetric changes correlated with alterations of experience [2] [3] [4] [5] . However, the underlying modifications at the cellular level remained unclear. Within the calyx, the clawed dendritic endings of mushroom body Kenyon cells form microglomeruli, distinct synaptic complexes with the presynaptic boutons of olfactory projection neurons [6, 7] . We developed tools for high-resolution imaging of pre-and postsynaptic compartments of defined calycal microglomeruli. Here we show that preventing firing of action potentials or synaptic transmission in a small, identified fraction of projection neurons causes alterations in the size, number, and active zone density of the microglomeruli formed by these neurons. These data provide clear evidence for activity-dependent organization of a circuit within the adult brain of the fly.
Results and Discussion

Development of Tools to Identify and Quantify Calycal Microglomeruli
Odors encountered in the environment and detected by olfactory sensory neurons are initially processed in a first olfactory center, the antennal lobe in insects or the olfactory bulb in mammals. This olfactory information is then conveyed by insect antennal lobe projection neurons or mammalian mitral/tufted cells to secondary centers for odor recognition and the formation of olfactory memories [8] . These two functions appear to be accomplished by two regions in the fly brain, the lateral horn and the mushroom body, respectively [1, 9] . Changes in the olfactory environment are reflected by changes in activity at the mushroom body input synapses [10] . Furthermore, because projection neurons can house an appetitive memory trace, the mushroom body input synapses might be potentially involved in olfactory memory formation [11] . It is unknown, though, whether alterations of presynaptic activity or formation of memories induce structural changes in the mushroom body.
In the Drosophila brain, most antennal lobe projection neurons send axonal projections terminating with bulbous boutons into the mushroom body calyx [12] . Here they form specialized synaptic complexes, called microglomeruli ( Figure 1A ; [6, 7] ), with the dendrites of mushroom body Kenyon cells, which are essential for the formation and retrieval of olfactory memories [1] . Within a microglomerulus, a projection neuron bouton is enwrapped by actin-rich, claw-like, dendritic endings of more than one Kenyon cell and forms multiple synapses with these Kenyon cells' claws, each including a presynaptic active zone and a postsynaptic density (Figure 1A ; [7] ). In social insects, the size and number of microglomeruli are modified in correlation with changes in the sensory environment [13, 14] . Here we ask directly whether silencing olfactory projection neuron presynaptic activity or blocking their synaptic transmission alters the organization of calycal microglomeruli of Drosophila.
To this end, we generated genetic tools to identify the microglomeruli and the sites of synaptic contact within them. Projection neurons are the only reported cholinergic input to the mushroom body calyx [15] . Therefore, we constructed a fusion of the MB247 fragment of the D-mef2 promoter [16] , active in a large subset of Kenyon cells [17] [18] [19] , and the Da7 subunit of the acetylcholine receptor tagged with eGFP [20, 21] (MB247-Da7-GFP) to visualize the postsynaptic rim formed by claw-like dendritic endings of multiple Kenyon cells around each projection neuron bouton [7] ( Figure 1C ). The localization of Da7-GFP within the calyx appeared to be specific for the postsynaptic densities of the Kenyon cell claws ( Figures 1A, 1C, 1D , and 1F; see also Figures S1A-S1F available online), and it closely matched the active zone labeling in the projection neuron boutons (see below; Figures 1C-1F and Figures S1G-S1M). Importantly, expressing this construct did not affect the active zone number in the calyx ( Figures S1N-S1P) .
We also sought to label the presynaptic active zones associated with postsynaptic densities. The active zone protein Bruchpilot (BRP) shapes the presynaptic active zone T bar and is essential for proper active zone function [22, 23] . A fluorescently tagged fragment of BRP, which depends on endogenous BRP for localization [24] (UAS-brp-short cherry ), represents a reliable marker for active zones. Upon specific expression of UAS-brp-short cherry in projection neurons, discrete BRP-short cherry dots lined the inner rim of the Kenyon cell claw, closely matching the Da7-GFP signal at putative sites of synaptic contact (Mz19-Gal4; Figures 1A and 1C-1F ). The number of active zones is not affected by the expression of UAS-brp-short cherry (using Mz19-Gal4; Figures S1X-S1Z). Previous data suggested that simple complete sensory deprivation experiments did not elicit detectable changes in the calyx (unpublished data; [25] ). Therefore, we decided to generate a competitive situation in the calyx between silenced and nonsilenced projection neurons and among dendrite claws of the same Kenyon cell receiving normal or no presynaptic input. We thus manipulated and differentially labeled a defined subset of microglomeruli, highlighted by the Mz19-Gal4 driver ( [26] ; Figure 1B ). Mz19-Gal4 is expressed after 18 hr after puparium formation [27] in 10-13 projection neurons whose dendrites are restricted to three glomeruli in the antennal lobe (DA1, VA1d, and DC3; [27] ) and form boutons in a confined area of the calyx [7, 27, 28] . We used Mz19-Gal4-driven UAS-brp-short cherry signal to identify the subset of microglomeruli formed by these projection neurons ( Figures  1B and 1C-1F ). Whereas calycal microglomeruli were highlighted with MB247-Da7-GFP, the Mz19-positive subpopulation was identified by BRP-short cherry and MB247-Da7-GFP ( Figures 1B and 1C) .
Within each calyx, we compared the Mz19-positive microglomeruli with those in which no Mz19-Gal4-driven expression of brp-short cherry was observed. This experimental setup also allowed us to obviate the problems posed by the large variability of overall brain volume and calycal size among animals, independently of their genotype (in our experiments, approximately 10% of the calycal volume; see also [2] ), and by potential differences in image acquisition and calycal labeling among animals. These factors could, in principle, hamper the detection of small morphological changes.
We reasoned that the structurally repetitive organization of the calyx, the introduction of a competitive situation within the calyx, and the specificity of the developed markers might facilitate revealing alterations induced by changes in presynaptic activity.
Expression of a Leaky Potassium Channel Silences Projection Neurons
To address whether the size and number of microglomeruli and the active zone distribution in adult calyces depend on presynaptic activity, we sought to silence or at least drastically reduce firing of the Mz19-positive projection neuron population. Using the Mz19-Gal4 driver, we expressed UASdORK1.DC, which functionally acts as a constitutively open K + selective pore or leak and should lead to hyperpolarization of the resting membrane potential; UAS-dORK1.DNC, a nonconducting version of the same channel, served as a control [29] . We performed whole-cell current-clamp recordings from the somata in an isolated, intact brain preparation to analyze the intrinsic firing properties of the projection neurons. Seven-day-old adult males were used, and the recorded neurons were labeled with biocytin to confirm their identity (Figures 2A and 2B ). Mz19-positive projection neurons of both genotypes did not show spontaneous activity in the cell-attached configuration or in the whole-cell configuration. Control Mz19-positive projection neurons expressing UAS-dORK1.DNC had a resting membrane potential (E M ) of 259.3 6 2.8 mV (n = 7) immediately after establishing the whole-cell configuration ( Figure 2C ). This is approximately 10 mV more hyperpolarized than the resting membrane potential reported by Gouwens and Wilson [30] for Drosophila projection neurons. Depolarizing current injection caused these neurons to fire action potentials at a threshold of 29.5 6 7.3 mV measured at the soma (n = 7; Figure 2D ). The action potentials had an amplitude of 6.6 6 2.3 mV, possibly attenuated [30] , an afterhyperpolarization of 2.6 6 0.9 mV, and a width of 2.0 6 0.7 ms at the half-maximal amplitude. In Mz19-positive projection neurons expressing UASdORK1.DC, the resting membrane potential was 266.5 6 3.8 mV (n = 5) shortly after break-in, which is significantly more hyperpolarized than in control Mz19-positive projection neurons (p < 0.01, t test; Figure 2C ), confirming the functional effect of the constitutively open K + channel. This hyperpolarization alone should drastically reduce the firing probability of the projection neurons. In fact, in Mz19-positive projection neurons expressing UAS-dORK1.DC, no action potentials could be elicited (n = 5), even when the cells were depolarized well above the spike threshold of control projection neurons ( Figure 2D ). It is expected that the large K + leak conductance prevented voltage spread from the site of current injection (soma) to a local spike initiation zone (see also [30] ). There is no evidence for a highly localized expression of the UAS-dORK1.DC. Therefore, it is likely that this leak conductance also severely hindered the summation of excitatory synaptic potentials and prevented synaptic potentials from reaching the firing threshold, thereby effectively silencing the neurons in vivo. This manipulation of the Mz19-positive projection neuron activity does not significantly modify the level of BRP-short cherry protein ( Figure 2E ).
Presynaptic Activity-Dependent Structural Reorganization of Microglomeruli
We next addressed whether the microglomeruli formed by boutons of the silenced Mz19-positive projection neurons were altered. For every experimental group, we analyzed the two calyces of at least six 7-day-old adult males and obtained 60-100 confocal optical sections per calyx. To obtain an unbiased identification of microglomeruli in high numbers of single optical sections, we developed software for the automated detection of microglomeruli ( Figures 3A-3D and Figure S2 ; Supplemental Experimental Procedures). In every optical section, we identified microglomerular rings based on the intensity of the Da7-GFP signal, the size and shape of the structure, and whether the Da7-GFP-positive structure surrounded a darker lumen. A microglomerulus was defined as the sum of a Da7-GFP-positive ring object and the lumen it contained. The software detected more than 30% of the manually identified microglomeruli, including only 3% false positives. Importantly, the overall size distribution of the microglomeruli was not significantly different between manual and software-based identification, suggesting that the software detection is unbiased (Supplemental Experimental Procedures; Figure S2K ). Furthermore, by using this approach, we could detect alterations in the number of Mz19-positive microglomeruli obtained by overexpression of PI3K, a manipulation that induced bouton sprouting of ellipsoid body projection neurons [31] and served as a positive control ( Figure S3A ).
We thus silenced the Mz19-positive neurons by expressing dORK1.DC. We found that the fraction of Mz19-positive microglomeruli per calyx was significantly increased compared to the nonsilenced dORK1.DNC control (p < 0.05, analysis of variance [ANOVA] with Bonferroni's correction; Figure 3E ). It should be noted that, in motorneurons, hyperactivation-and not suppression of activity-leads to bigger axonal elaborations [32] .
Moreover, we observed that the relative size of the microglomeruli was increased (p < 0.05, ANOVA with Bonferroni's correction; Figure 3F ). This general enlargement of microglomerular size upon silencing correlated with an increase of the relative size of the Da7-GFP-positive ring, which was, however, not significant ( Figures 3G and 3H) . Hence, reducing the activity of the Mz19-positive projection neurons led to an increase in the number of the microglomeruli formed by those neurons. Additionally, the relative size of the microglomeruli increased.
Therefore, we next asked whether the number of individual presynaptic active zones per microglomerulus would increase as well or whether only size changes in the postsynaptic densities were taking place.
Active Zone Density in Microglomeruli Depends on Presynaptic Activity
Individual synaptic release sites are characterized by a presynaptic active zone, identifiable by BRP [22, 33] . Thus, we analyzed the BRP-short cherry puncta in calyces of flies expressing dORK1.DNC or dORK1.DC and brp-short cherry under the control of Mz19-Gal4. The BRP-short cherry puncta were counted using software for semiautomated detection (Figures  4A-4E ; Supplemental Experimental Procedures) applied to 3D reconstructions of the whole calyx.
Strikingly, silencing the presynaptic neurons with dORK1.DC induced a clear increase in the number of BRP-short cherry puncta per calyx compared to the control (p < 0.05, KruskalWallis test with Dunn's correction; Figures 4C and 4F ). This increase could simply be due to the above-described higher number of Mz19-positive microglomeruli obtained upon silencing. We therefore determined the active zone density in the Mz19-positive terminals. Silencing those projection neurons resulted in a total increase in synaptic density in the Mz19-positive terminals (p < 0.01, Kruskal-Wallis test with Dunn's correction; Figure 4G ; no significant increase in the total area of the presynaptic terminals, p > 0.05; Figures 4D and 4H) . The size of single active zones was not modified in silenced projection neurons with respect to the control (p > 0.05, Kruskal-Wallis test with Dunn's correction; Figures 4E and 4I) . Hence, silencing or strongly reducing the generation of action potentials in projection neurons induced increased active zone density.
In summary, the microglomeruli formed by silenced projection neurons were more numerous compared to the control. Additionally, the postsynaptic domain was larger and the density of presynaptic active zones was higher in the silenced rather than in the unaffected microglomeruli.
The overexpression of dORK.1DC in projection neurons led to hyperpolarization, decreased input resistance, and subsequent inhibition of action potential firing, and thus, presumably, suppression of action potential evoked synaptic transmission. To dissect the contribution of these components, we specifically suppressed synaptic vesicle fusion using tetanus toxin (UAS-TNT) under the control of Mz19-Gal4 [34] (Figure S4 ). As a consequence, the relative size of the microglomeruli was significantly increased (p < 0.001, Student's t test with Welch's correction; Figure S4B ). Because this result was similar to the effect of silencing the presynaptic neurons with dORK1.DC ( Figures 3F-3H) , increase of the synaptic complex size might be caused by the loss of synaptic transmission in both situations. In contrast to the effect caused by dORK1.DC expression, however, the fraction of Figure 1A ) and of its detection by the software (C). The light gray area in (C) represents the microglomerular ring, and the dark gray area represents the microglomerular lumen. (D) In Mz19-negative microglomeruli, the ring is shown in bright green and the lumen is shown in dark green. In Mz19-positive microglomeruli, the ring is represented in bright red and the lumen in dark red. A detailed illustration of the automated detection is given in Figures S2A-S2J . (G) Upon expression of the dORK1.DC construct, the relative lumen size (ratio MG lumen size) was not significantly modified. (H) In contrast, the relative ring size (ratio MG ring size) of the Mz19-positive microglomeruli increased in comparison to the control, although not to significant levels. Whisker box plots: the box extends from the 25th to 75th percentiles, line at the median. Whiskers mark minimum and maximum data points (dORK1.DNC n = 11; dORK1.DC n = 6 animals).
Mz19-positive microglomeruli was decreased upon expression of TNT (p < 0.05, t test; Figure S4A ). Also, the number and density of active zones were clearly diminished upon TNT expression (number p < 0.001, t test; density p < 0.001, Mann-Whitney test; Figures S4E and S4F) . Thus, the number of microglomeruli and the active zone density are distinctly regulated depending on the manipulation.
We suggest that antagonistic mechanistic components might confront each other here [35] . First, a mechanism seems to sense activity within projection neurons. If neuronal activity is suppressed, a coherent ''compensatory'' response is triggered, increasing bouton size and number, as well as the density of active zones at the affected terminals. In mammals, neuronal activity was found to effectively control neuronal gene transcription and translation [36] . Second, there appears to be a homeostatic compensation within the microglomerular microcircuit of the loss of synaptic transmission, leading to increased bouton and postsynaptic ring size. Finally, loss of transmission per se induces a reduction in the active zone density and in the number of microglomeruli. How these phenomena interact throughout physiological adaptations will be interesting to address in the future.
Here we have described changes in the number of calycal microglomeruli, as well as in their pre-and postsynaptic composition, that depend on the activity state of the presynaptic neuron and on transmission. Thus, we have revealed that the structural and synaptic organization of the adult mushroom body calyx of Drosophila requires appropriate presynaptic activity and synaptic transmission.
Microglomeruli are more ill defined in calyces of just-eclosed males (data not shown), suggesting a reorganization of the circuit during early adult life. In line with this hypothesis, the microglomerular circuit might be refined after eclosion in Apis [37] . It is thus possible that microglomeruli form normally but that projection neuron input is required during a hypothetical refinement phase. Alternatively, the initial formation of microglomeruli may be affected by the absence of appropriate presynaptic activity and/or synaptic transmission. In support of this second scenario, modification of synaptic input alters the dendritic differentiation of a motor neuron in fly embryos [38] . At this point, we cannot distinguish between these two possibilities.
Previous evidence indicated that, in the adult fly brain, the establishment of correct connectivity is largely independent of activity [25, [39] [40] [41] . Nonetheless, the activity-dependent component of circuit organization might be difficult to detect above interanimal variability. Thus, we propose that the type of approach described here, including internal controls, highresolution imaging of pre-and postsynaptic elements, and software-based analysis, will be necessary to reveal similar phenomena in other regions of the fly brain. In the calyx, this analysis was facilitated by the organization in microglomeruli, recognizable repetitive structural elements.
In addition, we reckon that the effect of activity on circuit organization might be best revealed by unbalancing the circuit as we did by silencing only a defined fraction of olfactory projection neurons. As an example, monocular deprivation experiments, rather than binocular elimination of visual input, , and the area of active zones (I), as represented in (E), were not modified upon silencing. Whisker box plots: the box extends from the 25th to 75th percentiles, line at the median. Whiskers mark minimum and maximum data points (dORK1.DNC n = 10; dORK1.DC n = 6 animals).
were instrumental to the understanding of the role of activity in shaping the visual circuit in mammals [42] .
Projection neuron activity delivers a representation of the olfactory environment to the calyx [10] . The effect of our manipulations of projection neuron activity suggests that olfactory experience modulates the calycal circuit. In line with this hypothesis, sensory experience modifies properties of microglomeruli in the honeybee and ant [13, 43] . The functional outcome of these adaptations remains to be investigated. Importantly, in Drosophila, alterations of olfactory experience determine volumetric changes of adult antennal lobes [44, 45] . Furthermore, because projection neurons can house an appetitive memory trace, the mushroom body input synapses might be potentially involved in olfactory memory formation [11] . Given the high resolution of the system we have established, we envisage that the next challenge will be to address directly whether the structure of defined microglomeruli can be modulated upon the establishment of long-term appetitive memories [46, 47] .
Experimental Procedures
Fly Strains
The following genotypes were used: Mz19-Gal4/CyO; UAS-brp-short cherry MB247-Da7-GFP/UAS-dORK.DC, Mz19-Gal4/+; UAS-brp-short cherry MB247-Da7-GFP/UAS-dORK.DNC, Mz19-Gal4/UAS-LacZ; UAS-brp-short cherry MB247-Da7-GFP/+, Mz19-Gal4/UAS-TNTe; UAS-brp-short cherry MB247-Da7-GFP/+, and Mz19-Gal4/+; UAS-brp-short cherry MB247-Da7-GFP/UAS-PI3K, including the following drivers and reporters: Mz19-Gal4 (kindly provided by T. Hummel, Universitä t Mü nster, Germany), UAS-LacZ (T. Suzuki, MPI of Neurobiology, Munich, Germany), UAS-TNTe (H. Tanimoto, MPI of Neurobiology), OK107-Gal4, UAS-dORK1.DC, UAS-dORK1.DNC [29] , and UAS-PI3K, obtained from the Bloomington Drosophila Stock Center. The brp fragment included in the brp-short cherry construct was previously described [24] and includes the amino acids 473-1226 of the 1740 amino acid full-length BRP protein. The electrophysiology experiments were performed with flies expressing mCD8-GFP and either dORK.DC or dORK.DNC under the control of Mz19-Gal4. The flies were reared on standard Drosophila medium at 25 C.
Molecular Cloning
For gene expression independent of the Gal4/UAS system, we generated transgenic flies carrying the eGFP-tagged Da7 subunit of the nicotinic acetylcholine receptor under direct control of the mushroom body enhancer MB247 [16] . Da7-eGFP was inserted in the pCaSpeR vector carrying the MB247 enhancer (kindly provided by A. Thum, Fribourg), using the NotI and XbaI sites to generate MB247-Da7-GFP.
Immunohistochemistry
For confocal microscopy, brains of 7-day-old male flies were dissected in cold phosphate-buffered saline (PBS) and fixed for 30 min in 4% paraformaldehyde (Polyscience) at room temperature. For immunostaining, brains were then blocked in 10% fetal calf serum (Invitrogen) in PBT (PBS with 0.3% Triton X-100) for 30 min, incubated with the primary antibodies nc82 (kind gift of E. Buchner; mouse, 1:20; [33] ) and anti-DsRed (rabbit, 1:2000, Rockland Immunochemicals) and then with the secondary antibodies anti-mouse Cy3 (donkey, 1:100, Jackson Laboratories) and anti-rabbit AlexaFluor 568 (goat, 1:100, Invitrogen), mounted in VectaShield (Vector Laboratories), and imaged promptly.
Electrophysiology and Single-Cell Labeling
We used an intact brain preparation by modifying preparations described previously [48] [49] [50] . See Supplemental Experimental Procedures for a detailed description.
Western Blot
The heads of 7-day-old males of the appropriate genotypes were smashed with a micropestle in 23 Laemmli buffer, boiled, and spun, and the supernatant was loaded on 10% SDS-PAGE. After blotting, the membrane was probed with anti-RFP antibody (1: 2000; Rockland) and developed with ECL (Amersham).
Optical Imaging
Confocal images for semiautomatic quantitative analysis were recorded using an Olympus confocal microscope with a 603 1.4 oil-immersion objective. Image acquisition settings were standard for all images (603 1.4 oil-immersion objective, 33 zoom). For each calyx, we scanned a series of 60 to 100 slices with a voxel size of 0.138 3 0.138 3 0.25 mm, except where otherwise stated.
Image Analysis
For the analysis of postsynaptic Da7-GFP rings, object-oriented image analysis was done using a customized algorithm developed with Definiens developer environment, and the automated analysis of images was performed with Definiens Developer XD 1.1 (see Supplemental Experimental Procedures for details). In the same set of images, projection neuron active zone parameters were analyzed using the Imaris 3 64 version 6.1.5 software, optimized for the purpose (Bitplane AG) (see Supplemental Experimental Procedures for details). Figures were prepared with Photoshop and Illustrator CS4 (Adobe Systems).
Data Analysis
Statistics were conducted using Microsoft Excel and GraphPad Prism. Data were tested for normal distribution and homogeneity of variance with Kolmogorov-Smirnov test and Bartlett's test, respectively. If none of these assumptions were violated, parametric comparisons (unpaired Student's t test or one-way ANOVA followed by Bonferroni-corrected post hoc tests) were applied. If homogeneity of variance was violated, Welch's correction for t test was used. If data were not normally distributed, nonparametric tests (Mann-Whitney test or Kruskal-Wallis followed by Dunn's post hoc pairwise test) were performed. The significance level was set to 5%. *p < 0.05, **p < 0.01, ***p < 0.001. In whisker box plots, the box extends from the 25th to 75th percentiles, with a line at the median. Whiskers mark minimum and maximum data points.
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